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ABSTRACT
A simple method to preserve arsenic species in simulated pore water was investigated. Synthetic pore water containing high
levels of Fe, Mn and S (as sulfide, S2–) were synthesized and spiked with different arsenic species. Arsenite [As(III)], arsenate
[As(V)], dimethylarsinate [(CH3)2AsO
2–, DMA], monomethylarsonate [(CH3)AsO3
2–, MMA], monothioarsenate(V) species
(AsO3S
3–, MTA) and tetrathioarsenate(v) species (AsS4
3–, TTA) in different combinations were used. Disodium ethylenediamine
tetraacetate (EDTA) and temperature was used to preserve speciation. Solutions were analyzed at intervals of one day, week,
month and 2 months after preparation. Samples were analyzed by HPLC-ICP-MS using an ion exchange column and ammonium
carbonate buffer. Samples containing Fe and Mn spiked with As(III), As(V), DMA, MMA showed adequate species preservation
for two months when EDTA was added. The total As in samples containing Fe, Mn and S2– was preserved over 60 days however,
speciation was not preserved. Samples spiked with synthesized mono- and tetra-thioarsenate(V) species showed immediate
degradation of the mono- and tetra-thioarsenic species into unidentified As-S species. The results show that while EDTA may be
adequate to preserve As species containing high Fe and Mn concentrations, the combination of EDTA and temperature was not
successful in preserving As speciation in samples containing sulfides.
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1. Introduction
The toxicity of As species is well documented.1 Inorganic forms
of arsenic are generally more toxic than the organic; the trivalent
form generally more toxic than the pentavalent. There are
several forms of As present in an aqueous ecosystem. The
species, mobility and distribution of arsenic are determined by
different factors; redox, methylation and adsorption processes.1c,2
Arsenic is both pH and redox sensitive. Under reducing and
waterlogged conditions (<200 mV), arsenite [As(III)] would be
the predominant arsenic compounds. Inorganic arsenic is
bound to metal oxides of Fe, Al and Mn in sediments. Adsorption
and precipitation of arsenic is dependent on the amount of clay
minerals present and the soil pH.2d Under reducing conditions,
sulfide, Fe and As can form a number of complexes which precip-
itate out of the aqueous environment. However, As and sulfides
may also form a number of different stable As-S complexes;
thioarsenites.3 This has an impact on the solubility and mobility
of As in the environment. Sulfide and Fe concentrations also
play a significant role in the mobility of As; they form precipi-
tates with As under reducing conditions.
The measurement of arsenic bioavailability and speciation
gives the best indication of potential toxicity to an ecosystem.
Traditional approaches to these measurements involve chemical
extraction however, there are selectivity and over-extraction
issues reported.4 An alternative method without the addition of
chemical extractants is to measure the sediment pore water. Due
to the close interaction of pore water with sediment, equilibrium
between the two is achieved and valuable information about
metal speciation in sediments and across the sediment water
interface can be inferred.5 However, due to the complexity of
most speciation measurements, on-site analysis is generally not
possible and there is typically some delay before measurements
can be carried out. Therefore, a successful method to preserve
metal speciation, particularly with arsenic, prior to analysis is
important to ensure the accuracy of the results obtained.
The measurement of As species present in pore water cannot
be undertaken without an adequate preservation method since
arsenic is light sensitive, redox and pH active.2c A number of
detailed studies have been carried out to assess the success of
complexing agents, ion exchange resins, acidification, tempera-
ture and opaque storage vessels as preservation agents for As
species.6 Most of these studies measure the stability of As(III),
arsenate [As(V)], dimethylarsinate(V) [(CH3)2AsO
2–, DMA],
monomethylarsonate(V) [(CH3)AsO3
2–, MMA ] in natural or
synthetic water or on acid mine drainage samples. A number of
studies have reported success with H3PO4 used in combination
with low temperature for As(III), As(V), DMA, MMA.2c,7 Cation
exchange resins as a clean-up stage prior to acidification on acid
mine drainage samples, which contain high Fe, Mn and Al
content has also been reported to be successful.8 Acidification
has also been reported to result in poor preservation for As-S
species.9
Other acidification preservation methods investigated included
the addition of ascorbic acid, HCl, HNO3 and H2SO4.
7b,10 These
methods were not suitable for this study and were disregarded
for a number of reasons. Ascorbic acid has been shown to oxidize
As(III) in natural water.11 HCl was not suitable where the method
for detection is ICP-MS. HNO3 is a strong oxidizing agent and
while H2SO4 worked well in synthetic samples it was a poor
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preservative of speciation in natural samples.2b,8,12 Disodium
ethylenediamine tetraacetate (EDTA) is the most commonly
used preserving agent.2b,7b,8,12–13 EDTA complexes the Fe, Mn and
Al cations preventing their interaction with As and the subse-
quent precipitation of the complexes formed. EDTA is the
preferred preservation agent when using chromatography.10
The influence of EDTA and low storage temperature on the
stability of inorganic As species in synthesized pore water was
investigated. These two parameters are simple to control and
could be easily administered to samples in the field. The synthe-
sized pore water contained high amounts of Fe and S2– (to mimic
the upper levels found in estuaries) and their effect on As
speciation was also investigated. Only these three elements
were chosen as their presence in natural environments is key to
As speciation and mobility. In natural systems, there would be
a larger range of parameters and equilibrium dynamics to
consider, thus this investigation is seen as a preliminary investi-
gation of a simplified system. However, it is believed that the
variable studied are key to understanding the preservation of
arsenic species in natural water samples.
2. Experimental
Stock 1000 mg kg–1 solutions of Fe(II) and Mn(II) (Fluka) were
used for the synthetic pore water samples (AR grade). A 0.5 M
EDTA (BDH) stock solution was prepared. A 1000 mg kg–1 S2–
solution was made from Na2S (JT Baker).
The synthesized pore water solutions were chosen using
literature values of the upper levels of Fe, Mn and S commonly
found in estuarine systems.14
The following synthesized pore water solutions were prepared:
A = 10 mg L–1 Fe and 1 mg L–1 Mn
B = 10 mg L–1 Fe + 1 mg L–1 Mn + 0.025 M EDTA,
C = 10 mg L–1 Fe + 1 mg L–1 Mn + 50 mg L–1 S2–
D = 10 mg L–1 Fe + 1 mg L–1 Mn + 50 mg L–1 S2– + 0.025 M EDTA
The EDTA concentration was chosen to provide a molar excess
of EDTA in the solution thus ensuring complete chelation of Fe.
Each solution was divided into two aliquots and each aliquot
spiked with either a solution containing approximately 50 µg L–1
of DMA, MMA, As(III) and As(V) or a solution containing
100 µg L–1 MTA and 100 µg L–1 TTA in the final solution volume.
Arsenic standards were made from As2O3 [As(III)] and
Na2HAsO4·7H2O [(As(V)], disodium monomethyl arsenate
[monomethylarsenate(V)] (ChemService, USA) and sodium
cacodylate dimethylarsenite(V) (Strem, USA).
Mono- and tetra-thioarsenate were synthesized according to
Stauder et al.3c The synthesis was confirmed by ICP-MS. After
spiking with As species, sample aliquots were stored in plastic
Eppendorf vials and frozen at –20 °C. Prior to analysis, samples
were thawed and diluted 1:1 with 10 mM ammonium carbonate.
Samples were centrifuged at 6000 rpm for 5 min and analyzed
by HPLC-ICP-MS. Duplicate analysis were carried out where
possible.
2.1. Instrumentation
HPLC separation of species was carried out using an Agilent
1100 series HPLC with an IonPac AS14A column. The mobile
phase was 100 mM ammonium carbonate adjusted to pH 10
with conc. ammonia. A constant flow rate of 1 mL min–1 was
maintained throughout each run. One hundred micro-litres of
sample or standard was injected onto the column. The following
gradient elution was applied; 10 mM of the mobile phase for
7 min followed by a ramp to 100 mM ammonium carbonate over
10 min. The 100 mM was held for 7 min before a decrease to
10 mM over 6 min. The total run time was 30 min. Inorganic As
was measured in the separated analytes using the Agilent 7500c
ICP-MS with a 100 µg L–1 Rh internal standard.
Calculations for arsenic species were based on DMA calibra-
tion curves. A concentration range of 10–200 µg L–1 DMA was
used. The response of the DMA signal to gradient elution was
calculated to account for changes over the analysis time. A series
of injections of a 100 µg L–1 DMA standard were carried out every
2.73 min over the separation method outlined above to deter-
mine signal changes.
Collision Cell–ICP-MS using O2 was carried out to quantify the
As:S ratio of the thioarsenic species synthesized. ICP-MS condi-
tions using a dynamic reaction cell with O2 in the collision cell
were as previously established.15
3. Results and Discussion
3.1. Synthesis of Mono- and Tetra-thioarsenate
Synthesized mono-thioarsenate was analyzed by HPLC-ICP-MS
using an oxygen collision cell to confirm quantify the As:S mole
ratios obtained for the As-S crystals. In addition to m/z 91 for
arsenic oxide, m/z 48 was monitored for sulfur-oxide. The data
confirms the formation of an As-S species (Fig. 1). A 1:1.06 ± 0.09
As to S molar ratio for the MTA species was calculated (n = 3,
%RSD = 8). No confirmation of molar ratio was carried out on
the synthesized tetra-thioarsenate.
3.2. Separation of As Species
Standards of all As species measured under listed condition
showed good separation with As-S species appearing after 800 s
(Fig. 2). Retention times were confirmed at the beginning of each
set of analyses.
3.3. As Speciation in Solution A and B Spiked with 50 µg L–1
DMA, MMA, As(III) and As(V)
Solutions containing no EDTA (Table 1a) show an immediate
loss of As(III). This loss of As(III) indicates the immediate reaction
between As and Fe to form As-Fe precipitates which are not
eluted from the column. A visible Fe precipitate was present on
storage vials upon removal from the fridge. In addition, As(III) is
oxidized to As(V) as shown by the increased initial As(V) concen-
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Table 1 Concentrations of As species (µg L–1) in the spiked Solution A
with (b) and without EDTA (a)
a) Solution A with 50 µg L–1 As(V), As(III), DMA and MMA (n = 2, RSD
<8 %)
Days Initial 1 7 60
DMA 50.8 57.55 49.26 47.02
As(III) 50.9 0 0 2.67
MMA 51.9 35.43 31.16 28.44
As(V) 51.1 68.2 55.90 40.65
SAs 205 161.2 136.3 118.8
b) Solution B with 50 µg L–1 As(V), As(III), DMA and MMA (n = 2, RSD
<6 %)
Days Initial 1 7 60
DMA 50.8 54.88 44.24 44.05
As(III) 50.9 38.50 27.48 30.28
MMA 51.9 38.59 30.46 26.58
As(V) 51.1 76.06 74.51 57.76
SAs 205 208.0 176.7 158.7
tration. The addition of EDTA stabilises As(III) preventing the
initial conversion to As-Fe precipitates (Table 1b); however,
conversion between species does still occur over time. It is also
possible that the increased initial As(V) concentration is as a
result of oxidation of the sample during the sample analysis.
Both sets of data show loss of As species over the 2-month
analysis period. The results indicate that DMA and MMA remain
relatively stable over the 2 months. No other As products were
observed during the chromatographic analysis. This trend is
similar to two other studies carried out measuring As species in
groundwater and acid mine drainage samples.7b,8a The addition
of EDTA does inhibit the loss of As species to a limited extent
(approximately 4 %).
3.4. As Speciation in Solution C and D Spiked with
50 µg L–1 As(V), As(III), DMA, MMA
A number of studies have indicated the formation of
thioarsenic species in waters containing sulfide, e.g. geothermal
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Figure 2 Chromatographic separation of the different As species. (1 = DMA (200 s), 2 = As(III) (304 s), 3 = MMA (495 s), 4 = As(V) (679 s),
5 = monothioarsenate (821 s) , 6 = tetrathioarsenate (1230 s)).monothioarsenate (821 s) , 6 = tetrathioarsenate (1230 s)).
Figure 1 Chromatogram of the synthesized monothioarsenate crystals with matching retention times for As and S by HPLC-ICP-MS. HPLC
conditions: 10–100 mM ammonium carbonate (pH 10) for 17 min, 100 mM ammonium carbonate (pH 10) between 17 and 24 min.
water and acid mine drainage (AMD) samples.3b,3c,7b,8b,16 These
report that a range of thioarsenic species are formed in water
with high sulfide content. The formation and subsequent stability
of thioarsenic species are conditional on pH and redox.
The formation of As-S species was observed in solution C
which contained no EDTA (Table 2). In addition, a precipitate in
the storage vials indicated that the free Fe had reacted with As
species causing precipitation. Without EDTA, none of the As
species was stable. The changes in As species concentrations
over the study period also suggest a cycle of reactions, decompo-
sition, reformation and precipitation occurring. Over time,
thioarsenic products form and other As species degrade. A poor
mass balance correlation was obtained since not all As-S species
were detected or identified and the precipitation of As reacting
with Fe, As and S2–.
The addition of EDTA was effective in the preservation of total
As over a 60-day period (Table 3). EDTA complexes with Fe and
Mn forming chelates preventing Fe–As precipitates forming
thus preserving the free As species. As(V), DMA and MMA
species remained relatively stable over the measurement period.
The absence of As(III) by week 1 is suggested to be due to the
reaction between arsenite and the free S. In addition As(III)
would also be subject to oxidation in the presence of
un-complexed Fe(II). The loss of As(III) is complete within a week
and a corresponding increase in the thioarsenic species is noted.
MTA was the predominant species formed followed by two
other unidentified As-S species. There is a correlation between
the loss of As(III) and (V) and the formation of the thioarsenate
species.
3.5. As Speciation in Pore Water Solution D Spiked with
100 µg L–1 MTA and TTA
The addition of EDTA to preserve the As species in synthesized
pore water samples spiked with mono- and tetra-thioarsenate
was unsuccessful. Samples analyzed within an hour of being
prepared showed As species other than the MTA and TTA.
Stability was therefore not monitored over 60 days but at five
time intervals in a 24-hour period (1, 3, 5, 8 and 24 h) using single
injections. The thioarsenic species have been identified as the
thioarsenate and not thioarsenite species that would be expected
in an anoxic system. Similar findings have been reported when
investigating thioarsenates in geothermal water and groundwater
respectively.3b,3c
Mono- and tetra-thioarsenate spiked solutions showed poor
stability of the As species. Degradation of the thioarsenic species
was immediate (Fig. 3). As(III), As(V), and two unidentified
thioarsenate products form over the period of time. 100 µg L–1 of
mono and TTA were expected in the initial solutions. However,
the low concentration of MTA and the absence of TTA indicate
the decomposition of the synthesized compounds in both the
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Table 2 Concentrations of As species (µg L–1) in the spiked Solution C
(n = 2, RSD <2 %).
Days Initial 1 day 7 days 60 days
DMA 50.8 40.1 1.42 1.06
As(III) 50.9 1.82 16.6 17.2
MMA 51.9 23.1 6.87 2.22
As(V) 51.1 19.8 20.9 3.94
SAs-S* – 0 171.9 37.4
Total As 205 85 218 62
* Formation of several thioarsenic species.
Table 3 Concentrations of As species (µg L–1) in the spiked Solution D
(n = 2, RSD <5 %)
Days Initial 1 7 60
DMA 50.8 46.54 48.54 50.13
As(III) 50.9 22.88 0 4.80
MMA 51.9 34.76 32.25 31.18
As(V) 51.1 82.86 69.35 75.50
SAs-S – 3.38 30.53 30.93
Total As 205 190.4 180.7 192.5
Figure 3 Chromatogram showing degradation of thioarsenates over 24 hours at three time points, 30 min (T0), 5 hours (T5) and 24 hours (T24)
1 = As(III) 2 = As(V) 3 = monothioarsenate 4 = Unknown 1 5 = tetrathioarsenate.
standards and in the tested solutions. In addition, both the mono-
and the tetra-thioarsenate species decompose to form arsenate
and an unknown As-S species17 Samples with a pH lower than 6
resulted in the reduction of TTA to arsenite and sulfur species.
Typically TTA species predominate only in sulfide concentra-
tions greater than 10–2 M S2– however the current study has an
upper limit of 10–3 M S2–.3b,16b,18 Thus the mono- and tetra-arsenic
species react with free sulfide forming other As-S complexes
which may precipitate in the column. MTA can also undergo
reactions to form other thioarsenate species.3c,19 The changes in
As(III) and As(V) concentrations indicate the cycling of the As
species and the formation and degradation of As-S products as
time passes. The eluent pH was maintained at 10 as this has been
reported to maintain thioarsenic species and this could have
brought about further changes to the speciation on the column.
4. Conclusions
EDTA can be effectively used to preserve the total As in solu-
tions containing Fe, Mn and S2– at levels typically found in
estuarine conditions. The addition of EDTA to complex Fe and
Mn prevented the formation of Fe and Mn–As species. A 20 %
loss of As species is recorded over the 2-month period for both
solutions with and without sulfides. Samples without EDTA
showed poor stability displaying a loss of As speciation as well as
a 40–70 % loss of total As measured This was due to reactions
between the free As and sulfide species forming monothioarsenate
or other thioarsenate products. This data shows that at high
concentrations of sulfide, e.g. 50 mg L–1, a different type of pre-
treatment is necessary if thioarsenic species are to be preserved.
In other studies, cryo-freezing samples under anaerobic condi-
tions have shown some promise in groundwater samples
contaminated with arsenic and may provide a suitable alternative
to EDTA and temperature.
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